INTRODUCTION

Importance of arbuscular mycorrhizal (AM ) fungi
One of the most widely distributed, ecologically and economically important fungal groups are the arbuscular mycorrhizal (AM) fungi, currently included in the order Glomales (Morton & Benny 1990) or, orthographically more correctly, the Glomerales," and placed in the phylum Zygomycota. All the AM fungi are, as far as is known, obligately symbiotic, asexual organisms. For the species with known biology, these fungi obtain their organic nutrients through an obligate symbiosis with vascular plants, the arbuscular mycorrhiza (AM). The described species of Glomerales for which biological knowledge is lacking (i.e. those known only from herbarium collections), are assumed, by analogy, to be similarly symbiotic.
For most land plants, mycorrhizas rather than the roots alone are the organs of uptake for the poorly-labile phosphate ion (Smith & Read 1997) , and under certain circumstances also for other inorganic ions. The AM fungi explore the soil or other substrata through an extensive mycelium. Plants acquire inorganic nutrients through the fungus, whilst the fungus obtains carbohydrates from the plant. The nutrient exchange between the partners of such symbioses takes place via complex ' intracellular ' symbiotic interfaces.
Members of more then 80 % of extant vascular plant families form AM and ' primitive ' plants such as hepatics and hornworts also produce AM-like symbioses (e.g. Schu$ ßler 2000) . Moreover, one apparently unique symbiosis represents a consortium of Cyanobacteria (blue-green algae) and an obligately symbiotic, Glomerales-related fungus, Geosiphon pyriformis. In this case the situation is reversed compared with AM fungi, as the fungus is the macrosymbiont (exhabitant) and the photosynthetic partner the microsymbiont or inhabitant , Schu$ ßler & Kluge 2001 . Several recent articles have drawn attention to the importance of the AM fungi. They, for example, influence plant biodiversity (van der Heijden et al. 1998) , help to control pests (e.g. nematodes) and fungal pathogens (Azcon-Aguilar & Barea 1996) , and affect the fitness of plants in polluted environments (Hildebrandt, Kaldorf & Bothe 1999) . The AM fungi thus have a profound influence, directly or indirectly, on life on land. However, the phylogeny of this important fungal group and its placement within the Fungi was still unclear.
Earlier classification of the AM fungi
When the first fungi in the genus Glomus were described, they were known only from clusters of spores (so-called sporocarps) found in the upper layers of soil (e.g. Tulasne & Tulasne 1844 , Thaxter 1922 . The history of their study was summarised by Butler (1939) , by which time the vesicles and arbuscules, already clearly illustrated in the 19th century (Janse 1896) , were recognised as being produced by a root colonising fungal symbiont. In the early 1950s, Barbara Mosse, at East Malling (UK), first showed experimentally that a fungus, later described as Glomus mosseae, was responsible for the mycorrhizal colonisation of strawberry roots (Mosse 1953) .
Morphologically, the nearest similar group of fungi with known sexuality belongs to the genus Endogone, and by analogy the AM fungi were placed with them in a single family, the Endogonaceae (Zygomycota). This was from rather tenuous evidence, since the members of Endogone all produce zygosporangia, whereas the arbuscular mycorrhizal species do not. One reason for including them in Endogone was an observational error : a sporocarp was found with spores of both Endogone and Glomus, and, by their superficial similarity, it was presumed that one was an anamorph of the other (Thaxter 1922) .
A comprehensive review of the group was carried out (Gerdemann & Trappe 1974) , during which two new genera (Acaulospora and Gigaspora) were erected within the Endogonaceae. The fungi within this rather unnatural grouping were eventually formally accommodated in their own order, the Endogonales, though without further taxonomic clarification above genus level (Benjamin 1979) . A cladistic analysis, mainly of morphological features, produced a ' species tree ' with a new order, Glomerales containing two suborders and three families (Morton & Benny 1990 ). However, some of the conclusions of this work have been questioned. For example, it was suggested that the largest genus, Glomus, is nonmonophyletic and probably reflects several genera (Walker 1992) or even families (Simon et al. 1993) , and recently the monophyly of the AM fungi has itself been brought into doubt (Morton 2000) .
Though the separation of this order, based on a shared mode of nutrition, was logical, the question of its position within the kingdom Fungi was not considered. With the error of the ' mixed sporocarp ' resolved (Gerdemann & Trappe 1974) few, if any, morphological, anatomical, cytological, or sexual characters substantiated its inclusion in the Zygomycota, and the molecular evidence tells a different story.
Classification of the AM fungi within the Fungi
The kingdom Fungi has been circumscribed by the use of morphological, biochemical and molecular studies, but major phylogenetic groupings at the more ' primitive ' end of the clade, including the Zygomycota, have not yet been defined with a natural systematics. The two best-characterised taxa, the ascomycetes and the basidiomycetes, share a common ancestor (they are monophyletic) ; they are sometimes considered to be phyla (Ascomycota and Basidiomycota), and sometimes subphyla (Ascomycotina and Basidiomycotina in the phylum Dikaryomycota). These fungi have been studied in great depth, and are relatively clear and unambiguous in their lineage (e.g. Berbee & Taylor 2000 , van de Peer et al. 2000 .
On the contrary, the large phylum Zygomycota as defined is polyphyletic, and cannot yet be sustained in a truly phylogenetic classification (Benny, Humber & Morton 2000 , O 'Donnell et al. 2001 , Tanabe et al. 2000 , Tehler et al. 2000 . Even its existence from a morphological point of view is of doubtful validity ; the majority of the organisms assigned to it are not known to have a sexual stage, i.e. they lack fusion of gametangia and the subsequent formation of zygosporangia (Benjamin 1979 , Benny 1995 . The result, therefore, of the inclusion of superficially similar morphological entities in the zygomycetes, is an unsustainable and a disparate artificial group of sometimes-convergent lineages. Cavalier-Smith (1998) described with a brief Latin diagnosis the Glomomycetes, orthographically corrected here to Glomeromycetes, as a new class within the Zygomycota, containing the Glomerales (AM fungi) and Endogonales, ignoring already known evidence regarding the relationships between these orders.
It is shown here, based on comprehensive SSU rRNA analyses, that the AM fungi can be separated in a monophyletic clade, which is not related to any zygomycetous group but probably shares common ancestry with the AscomycotaBasidiomycota clade. Therefore, we can now close one of the general gaps regarding knowledge about fungal taxonomy and phylogeny, by recognizing a new, fungal phylum based on natural relationships for the arbuscular mycorrhizal and related fungi, the Glomeromycota. The class Glomeromycetes is circumscribed here as for the phylum, containing more than 150 described species, some of which are undoubtedly synonyms (Walker & Vestberg 1998 , Walker & Trappe 1993 .
MATERIALS AND METHODS
Single spore DNA isolation, PCR primers and conditions, cloning, and sequencing are described in detail in Schwarzott & Schu$ ßler (2000) . The small subunit (SSU) rRNA gene was phylogenetically analysed as previously described . Two aligned data sets were analysed : one, comprising all fungal higher taxa (259 sequences), consisted of 1346 sites ; the second smaller data set, comprising the newly proposed Glomeromycota and the Ascomycota-Basidiomycota clades as outgroups (82 sequences), of 1699 sites. Alignment was done manually, using ALIGN 4n0 (freeware : http :\\domix0.tripod.com). Consensus trees of both data sets were constructed from a 1000-fold bootstrapped neighbour-joining (NJ) analysis (based on Kimura's twoparameter distances) and a 1000-fold bootstrapped parsimony analyses (using gaps and polymorphic sites as missing data). PHYLIP 3n573 (Felsenstein 1989) was used for all computations. The phylogenetic distances shown in the trees (Figs 1-2) are derived from non-bootstrapped NJ analyses. There was no difference in tree topology between parsimony and NJ trees and only minor differences in bootstrap support at the levels shown in this study. The alignment is deposited at the EMBL database (http :\\www3.ebi.ac.uk\Services\align\ listali.html) under accession number ALIGNI000208. Further details on the cultures, software used, and the sequence alignments with secondary structure information, are available at http :\\amf-phylogeny.com\.
Near full-length SSU rRNA gene sequences of 69 AM fungal isolates belonging to 49 described and several undescribed species were analysed. Accession numbers assigned, and further information, are shown in Table 1 . Further sequences used in the analyses follow.
Outgroup taxa used in the small data set : Aspergillus fumigatus M55626 ; Boletus satanas M94337 ; Candida albicans X53497 ; Kluyveromyces lactis X51830 ; Leucostoma persoonii M83259 ; Neurospora crassa X04971 ; Penicillium notatum M55628 ; Russula compacta U59093.
Outgroup taxa used in the large data set : Aphrodita aculeata Z83749 ; Chlorella ellipsoidea X63520 ; Dermocystidium salmonis U21337 ; Diaphanoeca grandis L10824 ; Dictyostelium discoideum X00134 ; Homo sapiens M10098 ; Ichthyophonus hoferi U25637 ; Stylonychia pustulata X03947 ; Thraustochytrium kinnei L34668 ; Ulkenia profunda L34054 ; Zea mays K02202.
Additional fungal taxa used in the large data set : 
RESULTS
The AM fungal near full-length sequences used in this study and information about vouchers and culture identities as well as taxonomic implications are shown in Table 1 .
The analyses of the large data set, including about 100 zygomycotan sequences, resulted in a clear (bootstrap values above 90 %) separation of the AM fungi from all other groups of fungi. Zygomycota and Chytridiomycota are not supported as monophyletic clades. All phylogenetic computations, along with evidence published in the past, demonstrated conclusively that the AM fungi (and Geosiphon pyriformis) belong to a monophyletic clade that probably represents a sister group to the clade comprising the Basidiomycota and Ascomycota (Fig.  1) . The AM fungi, the Ascomycota, and the Basidiomycota, form three clades with high bootstrap support showing comparable phylogenetic distances and therefore represent comparable ranks with respect to a natural phylogeny and taxonomy of these groups. Therefore, we adopt the same rank used for the well-studied Ascomycota and Basidiomycota for the AM fungi and describe a new phylum for this fungal group.
Glomeromycota C. Walker & Schuessler, phylum nov.
Fungi plerumque hypogaei, nonnumquam epigaei, victu symbiotico obligato ; formant endomycorrhizas arbusculares in radicibus et symbioses endomycorrhizis arbuscularibus similes cum plantis vivis, vel endocytobioses cum alteris organismis photosyntheticis (e.g. cyanobacteriis). Hyphae somaticae coenocyticae sunt. Reproductio non-sexualis e sporis magnis cum parietibus crassis peragitur. Tubuli germinativi parietem ipsam percutunt, vel e structura propria Morton, Bentivenga & Wheeler (1993) .
c N, no details ; F, root fragments ; M, multi-spore ; S, single spore ; SC, spore-cluster ; ST, soil trap, DS, spores direct from field soil. d Diagnoses and revised descriptions : Glomeromycetes Cavalier-Smith 1998. Description as for Glomeromycota (see above). Glomerales Morton & Benny 1990 . Fungi mostly hypogeous, sometimes epigeous, forming endomycorrhizas or mycorrhiza-like symbioses with spores, vesicles and\or arbuscules in plants. Hyphae of vegetative mycelium mostly non-septate, though forming septa on older hyphae as cytoplasm is withdrawn or to cut off resting spores. Asexual reproduction by chlamydospores (termed glomoid spores by Morton & Redecker 2001) , mainly terminal, but sometimes intercallary. Spores solitary or formed in clusters, or in sporocarps. Differing from other arbuscular mycorrhizal fungi by the possession of the rRNA SSU gene sequence signature YTRRY\2-5\ RYYARGTYGNCARCTTCTTAGAGGGACTATCGGTGTYTAACCGRTGG, corresponding to homologous position 1353 of the Saccharomyces cerevisiae SSU rRNA sequence J01353, with the underlined nucleotides being specific for the taxon.
Paraglomerales C. Walker & Schuessler ord. nov. Fungi hypogaei ; formant endomycorrhizas arbusculares in radicibus cum plantis vivis. Vesiculae rarae vel absentes. Sporae plerumque singulares formantur, tunica sine pigmentum, structura formationeque non distinctae ab Glomere. Sequentia typica acidi desoxyribonucleici monadis ' SSU ' ribosomatum : GCGAAGCGTCATGGCCTTAACCGGCCGT (Saccharomyces cerevisiae sequentia J01353 : positione numero 703).
Fungi hypogeous, forming endomycorrhizas with arbuscules and intraradical mycelium, rarely with vesicles. Producing glomoid spores lacking pigmentation. Differing from other arbuscular mycorrhizal fungi by the possession of the rRNA SSU gene sequence signature GCGAAGCGTCATGGCCTTAACCGGCCGT, corresponding to homologous position 703 of the S. cerevisiae SSU rRNA sequence J01353, with the underlined nucleotides being specific for the taxon. Note this diagnosis is based on only two species, and may be subject to modification as more species are discovered. Diversisporales C. Walker & Schuessler ord. nov. Fungi hypogaei ; formant endomycorrhizas arbusculares in radicibus cum plantis vivis. Vesiculae efformatae vel absentes. Cellulae auxiliares efformatae vel absentes. Sporae glomoideae vel gigasporoideae vel acaulosporoideae. Sequentia typica acidi desoxyribonucleici monadis ' SSU ' ribosomatum : YVRRYW\1-5\NGYYYGB (Saccharomyces cerevisiae sequentia J01353 : positione numero 658) ; GTYARDYHMHYY\2-4\GRADRKKYGWCRAC (S. cerevisiae sequentia J01353 : positione numero 1346).
Fungi hypogeous, forming endomycorrhizas with arbuscules, often lacking vesicles. With or without hypogeous auxiliary cells. Forming either complex spores produced within a sporiferous saccule (acaulosporoid spores of Morton & Redecker 2001) , complex spores (' sporangioles '?) developing from a bulbous base on the sporiferous hypha (termed here gigasporoid spores), or glomoid spores. Differing from other arbuscular mycorrhizal fungi by the possession of the rRNA SSU gene sequence signature YVRRYW\1-5\NGYYYGB, corresponding to homologous position 658 of the S. cerevisiae SSU rRNA sequence J01353, and GTYARDYHMHYY\2-4\GRADRKKYGWCRAC, corresponding to homologous position 1346 of the S. cerevisiae SSU rRNA sequence J01353, with the underlined nucleotides being specific for the taxon.
Archaeosporales C. Walker & Schuessler ord. nov. Fungi hypogaei ; formant endomycorrhizas arbusculares in radicibus cum plantis vivis, vel endocytobioses cum alteris organismis photosyntheticis (e.g. cyanobacteriis). Vesiculae efformatae vel absentes. Sporae monomorphae vel dimorphae, tunica sine pigmentum et non adfectio per solutione Melzeri purpureum. Sporae monomorphae acaulosporoideae vel glomoideae, sporae dimorphae acaulosporoideae et glomoideae. Sporea glomoideae structura formationeque non distinctae ab Glomere. Sporae acaulosporoideae singulari pariete stratis pluribus, singulatim formatae hypha ramificanti ex hypha terminata in sacculo sporangifero. Sequentia typica acidi desoxyribonucleici monadis ' SSU ' ribosomatum : YCTATCYKYCTGGTGAKRCG (Saccharomyces cerevisiae sequentia J01353 : positione numero 691).
Fungi hypogeous, forming endocytosymbioses with photoautotrophic prokaryotes, or producing mycorrhizas with arbuscules, with or without vesicles. Spores lacking pigmentation or reaction to Melzer's reagent. Glomoid spores formed singly or in loose clusters on or in the soil, acaulosporoid complex spores (' sporangioles '?) formed singly in the soil. Dense spore clusters unknown. Differing from other arbuscular mycorrhizal fungi by the possession of the rRNA SSU gene sequence signature YCTATCYKYCTGGTGAKRCG, corresponding to homologous position 691 of the S. cerevisiae SSU rRNA sequence J01353, with the underlined nucleotides being specific for the taxon.
e Gl. manihotis and Gl. clarum are suggested by Morton (pers. comm.) Fungi with coenocytic to sparsely septate mycelium, living mostly hypogeously, sometimes epigeously. Forming chlamydospores (in some genera) by blastic development of hyphal tip followed by thickening of structural wall components and occlusion by septum, spore-wall thickening, or deposition of an amorphous plug in the lumen of the subtending (sporogenous) hypha and spore. Complex spores (in some genera) with a rigid, chitinous structural wall component within a blastic terminal saccule, or by extension of a bulbous base, with or without flexible wall components. Spores produced singly, in loose clusters, in tight clusters (without a structured peridium), in sporocarps (with peridial development) or within the roots of plants.
Habitat : In soil, roots, or on the soil surface, vegetation, or decaying fragments of substrate. Forming close symbiotic relationships with photoautotrophic organisms. So far known to produce arbuscular or vesicular-arbuscular mycorrhizas, arbuscular mycorrhiza-like symbioses with non-vascular plants, or endocytosymbioses with cyanobacteria. Containing one class, Glomeromycetes, with the same characters.
Observations : In addition to the new phylum described here, the phylogenetic analyses clearly show that the Glomeromycetes further divide into three statistically highly supported mainbranches, one represented by the ' classical ' order Glomerales as understood by Morton & Benny (1990) and two by more ancestral lineages, Paraglomerales ord. nov. and Archaeosporales ord. nov. (Fig. 2, Table 1 ). Moreover, if seen from the phylogenetic standpoint, the Glomerales of Morton & Benny (1990) represent two orders, Glomerales and Diversisporales ord. nov., reflecting the large phylogenetic distances and the morphological differences between these clades (Fig. 2) .
The phylogenetic trees show a very robust SSU rRNA phylogeny for the AM fungi with many clades supported by bootstrap values above 95 %. Three of these clades represent the families Paraglomaceae, orthographically corrected here to Paraglomeraceae, Acaulosporaceae, and Gigasporaceae. Since comparable genetic distances exist between several other clades, a family ranking for them is supported by our study. Therefore, the fungi presently remaining in the Glomaceae, orthographically corrected here to Glomeraceae, and described in one genus, Glomus, represent at least three families : the recently proposed Diversisporaceae fam. ined. ; formerly included in Glomeraceae), Glomus-Group A, and Glomus-Group B. The recently described Archaeosporaceae as defined is paraphyletic, because the monogeneric family Geosiphonaceae is monophyletic with the Archaeospora leptoticha -Ar. gerdemannii clade, forming a sister group to Ar. trappei, the type species of the Archaeosporaceae. The proposed new families formerly included in Glomeraceae, Glomus-Group A or Glomus-Group B and the Diversisporaceae fam. ined., will be formally described elsewhere including a re-examination of the type material of Glomus microcarpum, which will necessarily define the Glomeraceae. The proposed family structure within the Glomeromycota is indicated in Fig. 2 by the shaded ovals.
DISCUSSION
Co-evolution of AM fungi and plants
The origin and evolution of AM fungi is directly related to that of land plants, yet it is crucial to understand if the AM forming fungi share a common phylogenetic origin (i.e. are monophyletic), or if the present day AM symbioses are more or less independent results representing the convergent evolution of plants with different fungal lineages. Simon et al. (1993) published the first SSU rRNA sequencebased phylogenetic tree of the AM fungi. Since then it has become increasingly obvious that the earliest land plants, which had no true roots, were already colonised by hyphal fungi. These formed vesicles and arbuscules strikingly similar to modern AM (Remy et al. 1994 ) and the occurrence of AM fungi has recently been dated back to at least 460 Myr (Redecker, Kodner & Graham 2000 , Redecker, Morton & Bruns 2000 . Absorption of water and nutrients (especially the poorly mobile element, P) from primeval ' soil ' was a major barrier to the evolution of land plants. It was argued, therefore, that AM-like associations with symbiotic fungi were crucial elements in the advance of primitive plants from the water to the land (Malloch, Pirozynski & Raven 1980) . Such a symbiotic organisation still exists as the AM-like symbioses between bryophyte thalli and ' typical ' AM fungi (Schu$ ßler 2000) . The Geosiphon pyriformis endosymbiosis with cyanobacteria shows the possibility of even more ancestral types of symbioses between AM fungi and photoautotrophic organisms, perhaps reflecting an earlier evolutionary stage of an AM-like association (Gehrig et al. 1996 , Schu$ ßler & Kluge 2001 , when non-vascular plants had not yet colonised land and cyanobacteria were prominent under the prevailing environmental conditions (Hoehler, Bebout & des Marais 2001) . This hypothesis is, however, only one of several possibilities :
(1) ' AM fungi ' and plants already formed symbioses in the aquatic environment, (2) Plants emerged from the aquatic environment and ' AM fungi ' later evolved the symbiosis, (3) AM precursor fungi emerged as saprobes or parasites, later becoming symbiotic with plants appearing on land, (4) More primitive symbioses, similar to Geosiphon pyriformis, evolved before plants colonised land and the fungi later developed more complex relationships with plants.
Reconciling these different possibilities will require further fossils and more molecular data from extant organisms. Whichever option were correct, present knowledge indicates clearly that the formation of the fungus-autotroph symbiosis was a fundamental step in land colonisation by plants, supported considerably by the present study showing that the AM fungi represent a monophyletic group.
A natural taxonomy of AM fungi
It is now evident that the AM fungi originated more then 460 Myr ago (Berbee & Taylor 2000 , Redecker, Kodner & Graham 2000 and they therefore represent an ancient phylogenetic clade within the fungi. However, there was still confusion about the monophyly of the AM fungi (Morton 2000) . From the present analysis of the near full-length SSU rRNA gene sequences of 51 described and some undescribed species, there is now sufficient knowledge to show unquestionably that they belong to a distinct monophyletic group quite separate from other fungi. This comparison became possible only recently, when a large set of about 100 zygomycotan sequences from many different taxa became available in the databases (O'Donnell et al. 2001 , O'Donnell, Cigelnik & Benny 1998 , Tanabe et al. 2000 .
Regardless of the method used, our phylogenetic analyses always produce the same results : the AM fungi (including Geosiphon) represent a statistically highly supported, monophyletic group, which probably shares a common ancestor with the Ascomycota and Basidiomycota (Fig. 1) . They do not form a clade with any group of zygomycetes. On the basis of the phylogenetic distances, the Glomerales s. lat. represents a monophyletic taxon at an equivalent level to the phyla Ascomycota and Basidiomycota. We therefore propose a comparable formal ranking to accommodate the symbiotic AM fungi within a taxonomic system based on the natural phylogeny. Here we publish the molecular phylogenetic relationships and a formal description to establish the newly recognised fungal phylum, Glomeromycota, formerly circumscribed only as an order, Glomerales. Since all phylogenetic clades we refer to as taxa are highly bootstrap supported in different SSU rRNA analyses and we use a very broad species sampling approach, it is extremely unlikely that the sequencing of additional genes will change the phylogeny of the clades analysed. Nevertheless, such an approach would provide a robust test for the phylogeny shown by the SSU rRNA sequences, and the investigation of additional species might well lead to new clades as yet undiscovered.
The Glomeromycota divide into four statistically highly supported main clades (Fig. 2) . In order to change the present taxonomic concept as little as possible we propose ordinal rank for this clades, the Glomerales, still representing many of the ' classical glomeralean ' species as understood by Morton & Benny (1990) , the Diversisporales, and the two ' ancestral ' lineages, Paraglomerales, and Archaeosporales.
As to the family structure within those orders, the largest ' genus ' within the AM fungi, Glomus, clearly is nonmonophyletic and represents at least three families. One of them is represented by the newly proposed family Diversisporaceae fam. ined. which is monophyletic with the Gigasporaceae and Acaulosporaceae. The Glomeraceae will represent either Glomus-Group A or B, dependent on the yet unknown phylogeny of the type species, Gl. microcarpum, the other will require circumscribing as a new family. The implications of the recent taxonomic assertions of Morton & Redecker (2001) , describing the Archaeosporaceae as a monogeneric family, are not congruent with the natural phylogeny based on SSU rRNA analyses, since Geosiphon (Geosiphonaceae) renders this clade, and therefore Archaeospora and the Archaeosporaceae, paraphyletic. Future emendation probably requires the erection of a new family for the Ar. leptoticha -Ar. gerdemannii clade or the inclusion of this clade within the Geosiphonaceae. The suborder concept within the former order Glomerales also does not reflect the natural phylogeny of these fungi and it remains open if one or more classes should be erected to represent the different main clades of AMF (see Fig. 2 ).
For some of the higher taxa indicated in Fig. 2 , convincing morphological characters are still lacking, not surprising for asexual organisms such as these with a relatively simple morphology. Such characters might be recovered in future, based on the molecular phylogeny, which should form the base for an accepted new taxonomy for this important fungal group. A recircumscription of the genera and descriptions of the new families (ovals in Fig. 2 ) will be presented elsewhere, referring also to morphological data, which must be thoroughly re-evaluated in respect of their validity in a natural phylogeny-based taxonomy.
